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ABSTRACT The DC micro-grid system, as a new generation of shipboard DC micro-grid system, has
the advantages of integrating renewable energy and enhancing the stability and reliability of the power
system. For the energy distribution problem of energy storage battery charging and discharging in shipboard
DC micro-grid, P-V voltage droop control and SOC-I current droop control methods are proposed. The
SOC-I control method incorporated in the battery charging and discharging process can effectively balance
the SOC and output power of the energy storage battery. For the on/off-grid process of shipboard power
converter and onshore power, the control method of voltage and current control mode switching is proposed,
which realizes the fast response of output voltage in off-grid mode and the controllable transfer of power
interacting with the grid in grid-connected mode. Secondly, a pre-synchronized control based on amplitude
and frequency modulation achieves a flexible on-grid/off-grid connection of the power converter. A method
based on the parallel connection of multiple reduced-order generalized integrator (ROGI) is introduced to
achieve suppression of output voltage unbalance as well as 5¢h and 7¢h harmonics. Finally, the efficiency
and correctness of the proposed control method has been successfully evaluated an level 750K VA shipboard
micro-grid system.

INDEX TERMS Energy storage converter, harmonic suppression, on/off-grid control, shipboard DC micro-
grid system, voltage-current dual-droop control.

I. INTRODUCTION

Over the past few decades, shipboard power distribution
systems were mostly based on conventional AC grids.
However, with the development of power electronics as well
as energy storage and other technologies, the advantages
of DC micro-grid systems have gradually emerged. The
transmission technology of conventional DC micro-grid is
more mature, and the reliability of grid operation is high.
It also reduces the power of electronic conversion devices,
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which reduces the loss of energy conversion. DC micro-grid
system can be isolated into a small power system, so it has a
high degree of flexibility. It can be applied to islands or ships
and other scenarios with isolated characteristics. Although
the ship micro-grid system has obvious advantages compared
with the traditional ship AC power grid, because of its isolated
characteristics and mobile characteristics, the environment is
more severe compared with the conventional DC micro-grid
facing more complex working conditions [1].

Conventional DC micro-grid systems are usually applied
on land and are, therefore, larger in terms of power capacity.
The power capacity of the ship micro-grid system is limited
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by the size of the ship, so when the system is disturbed,
the bus voltage is more likely to fluctuate, which leads to
power fluctuations in the ship DC micro-grid. When the
ship is running at sea, the external environment is extremely
complex, so it is necessary to distribute reasonably for
each unit in the shipboard DC micro-grid system. Micro-
grid system. To improve the stability of ship DC micro-
grid, energy storage systems are often introduced into the
micro-grid system to smooth out power fluctuations [2],
[3], [4]. As an important device connecting the energy storage
unit and the DC bus, the energy storage converter can realize
the functions of charging and discharging management of the
energy storage unit and grid scheduling, which can directly
affect the stability of the DC micro-grid system operation.

The energy storage converter is an indispensable link for
realizing the two-way interaction of energy between the DC
bus and the energy storage device, so the research on the
control strategy of its charging and discharging process is
crucial [5]. Bidirectional energy storage converter belongs
to the power conversion device, the basic control strategy of
the power conversion device includes: constant power control
(P/Q control) [6], constant frequency and constant voltage
control (V/F control) [7], and droop control [8]. When the
energy storage converter works in the P/Q control mode, it is
in the current source state, intending to control the current
output by the converter [9], [10], [11]. Generally, when the
grid-connected operation of the micro-grid (shipboard DC
micro-grid and shore power grid similar to the grid-connected
operation of the micro-grid) has a main power supply,
the energy storage converter will choose to use the P/Q
control with the energy management system to achieve the
micro-grid and the main grid between the exchange of power
[12], [13], [14]. The storage converter operates in the V/F
mode in the voltage source state, and the storage converter
can be selected to operate in the V/F control mode when
a loss of power from the mains supply requires the storage
converter to establish and maintain system AC voltage and
frequency stability [15], [16]. The droop control application
is more flexible and can work both in the grid-connected state
and the off-grid state. The converters in islanded operating
micro-grid (such as shipboard DC micro-grid during normal
navigation) typically employ V/F control and droop control
[17], [18]. However, V/F control is predominantly utilized for
single working converters [19]. Droop control, on the other
hand, is extensively employed in parallel operation converters
due to its ability to facilitate interconnection-free power
distribution between parallel converters. This is particularly
advantageous during mode conversion between shipboard
DC micro-grid and shore power grid, where the adoption
of droop control not only enhances the success rate of
conversion but also enables a seamless transition [20].

At present, the research and application of domestic and
foreign scholars for converter on/off-grid flexible switching,
power transfer control, and other technologies are mainly
focused on the fields of uninterruptible power supply,
distributed grid, micro-grid, and new energy generation.
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References [21] and [22] adopt adaptive droop control and
virtual synchronous generator methods, respectively, but due
to the variability of power supply capacity and frequency
of the grid, its regulation ability is limited, and the power
transfer and precise control effect are not good. The unified
control mode using voltage outer loop and current inner
loop does not require control mode switching, thus it is
easy to realize smooth switching between on/off-grid, but the
dynamic response of the power supply converter, which is
controlled as a current source characteristic in the off-grid
mode, is slow, and the disadvantage is especially obvious
in the occasion of load high-power casting and switching.
Reference [23] gives a seamless switching control method
for battery storage inverters and diesel generators, which
requires the addition of an upper-level control unit in addition
to the local controller to realize the coordinated control of
the two, increasing the complexity of the control system.
Reference [24] introduces an improved phase-locked loop
that does not rely on the fastness of islanded detection and
does not require an additional pre-synchronization process
but suffers from the shortcomings of a wide range of
fluctuations in output voltage magnitude and frequency.
Reference [25] requires the prediction of the regulator’s
output state or considers the current reference to remain
unchanged before and after the control mode switching to
avoid large oscillations and overshooting of the regulator and
current during the switching process, but it cannot be adapted
to the working conditions where there are step changes in the
load or output power during the switching process.

In shipboard DC micro-grid system, harmonics can affect
the control accuracy of the ship’s system and increase the
overall energy consumption of the ship. To solve the har-
monic problem, active suppression is achieved by improving
the source, and passive suppression is achieved by adding
additional filtering equipment. Considering the limited space
of the ship, the active suppression scheme is used to
investigate the rectifier. References [26] and [27] improve
the rectifier topology, while reference [28] innovate the
modulation method of the rectifier to realize the reduction
of harmonic distortion. The passive suppression strategy
requires the addition of additional filtering equipment,
so the active suppression strategy is used to suppress
harmonics at the control level of the power generation
system. References [29] and [30] mention the use of
second-order generalized integrators for harmonic extraction.
Reference [31] demonstrates that the use of SOGI can lead to
a 30% reduction in total harmonic distortion. Reference [32]
mentions a reduced-order generalized integrator developed
on SOGI; compared to SOGI, ROGI can be designed more
flexibly for specified harmonic compensation, with half the
computational effort of SOGI [33].

Existing control methods for energy storage converter
charging/discharging control and power supply converter
on/off-grid control. It will be limited by the variability of the
grid power supply capacity and frequency, resulting in limited
regulation capability and poor power transfer and precise
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control. The harmonic problem of the output voltage of the
power supply converter will affect the control accuracy of
the ship system and increase the overall energy consumption
of the ship. Therefore, a converter control method based
on voltage-current control is proposed. The control strategy
effectively solves the energy distribution of the energy storage
converter during operation and the SOC equalization of the
storage battery, and stabilizes the DC bus voltage. Flexible
on/off-grid control is realized to ensure the fast response of
output voltage in off-grid mode and the controllable transfer
of power interacting with the grid in grid-connected mode,
as well as the suppression of harmonic problems of output
voltage.

The paper is organized as follows. Section II describes
the composition of the shipboard DC micro-grid system, the
energy storage converter, and the overall control strategy
of the power supply converter. Section III introduces the
charging/discharging control strategy of the energy storage
converter, the on/off-grid control strategy of the power supply
converter and the AC shore power, the pre-synchronization
control strategy of the shore power, and the harmonic
suppression control strategy of the output voltage of the
power supply converter. Section IV builds the experimental
platform and validates the proposed control strategies.
Finally, Section V summarizes this study.

Il. SHIPBOARD DC MICRO-GRID SYSTEM

A. TOPOLOGICAL STRUCTURE

The topology of the shipboard DC micro-grid system is
shown in Fig. 1, which is divided into two subsystems,
the port-side DC micro-grid and the starboard-side DC
micro-grid.
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FIGURE 1. Topology of shipboard DC micro-grid system.

Each subsystem comprises an energy storage converter,
generator rectifier, propulsion motor converter, and load
supply converter. The DC side of each subsystem utilizes
the DC bus as a common connection point. DC bus 1 and
DC bus 2 can operate either in a network or independently
through circuit breakers. Similarly, AC bus 1 and AC bus 2
can be networked or operated independently through circuit
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breakers. Furthermore, the ship can establish connections to
the DC shore power grid through DC bus 2 or to the AC
shore power grid through AC bus 2, enabling uninterrupted
power supply while the ship is docked. This dual connectivity
enhances flexibility in power management. To cater to
the dynamic energy requirements of the ship, the energy
storage converter possesses the capability to seamlessly
switch between charge and discharge modes based on real-
time conditions. This adaptability ensures optimal energy
utilization and contributes to the overall efficiency of the
ship’s power system.

B. ENERGY STORAGE CONVERTER CONTROL STRATEGY
The overall control block diagram of the energy storage
converter charging and discharging is shown in Fig. 2. In the
actual charging process, to realize fast charging and prolong
the service life of the energy storage battery while avoiding
overcharging and overcurrent phenomenon, the combination
of the three stages of the ‘“‘constant current - constant
voltage - float charging” charging method is usually adopted.
Among them, float charging is used to compensate for the
self-discharge of the energy storage unit, and its control
structure is the same as that of the constant voltage stage.
In the energy storage system in this paper, the two-stage
charging method of “constant current-constant voltage™ is
adopted. A dual closed-loop control strategy is adopted, and
a segmented charging mode is used to avoid overcharging or
overcurrent during the charging process.

Current PWM Carrier
control enerator signal

lsOC+ YASOCIN_ AL
|
—S0CT doop —

Current PWM Carrier
control generator signal

Charging strategy

FIGURE 2. Energy storage converter control block diagram.

During the discharge process of the energy storage unit,
the DC bus voltage is stabilized to ensure the stability of
the DC network system. A dual droop control strategy for
P-V voltage and SOC-I current is introduced. When multiple
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energy storage converters are operated in parallel, P-V droop
control is used in the voltage loop to realize the distribution
of the output power of multiple converters according to the
ratio of their respective capacities, and SOC-I droop control
is introduced in the current loop to ensure the equalization of
the SOC state of the storage battery packs corresponding to
the energy storage converters during the operation process.

C. POWER SUPPLY CONVERTER CONTROL STRATEGY

The shipboard power converter is connected from the DC
bus and passes through a transformer to supply the shipboard
AC loads. There are three operating modes for the normal
operation of the shipboard power supply converter: off-grid
mode, grid-connected mode, and pre-synchronized mode.
In off-grid mode, the power supply converter can be divided
into parallel operation and independent operation. In parallel
operation, droop control is adopted; in independent operation,
constant voltage/frequency control is adopted. In grid-
connected mode, the port side power supply converter or the
starboard side power supply converter is operated indepen-
dently in parallel with the shore power, and the power transfer
from the grid-connected power supply converter to the shore
power is withdrawn from operation. Pre-synchronization
control is required before grid connection to avoid instanta-
neous voltage shocks. Simultaneously, multiple ROGI output
voltage harmonic suppression methods are introduced to
ensure voltage stability during on/off-grid connection. Its
overall control block diagram is shown in Fig.3.
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1lll. SHIPBOARD CONVERTER CONTROL METHOD

A. ENERGY STORAGE CONVERTER CHARGING CONTROL
The two-stage charging control principle of the energy
storage battery is illustrated by Fig. 4. A dual closed-loop
control strategy with a segmented charging mode is used
to avoid overcharging or overcurrent during the charging
process. In the initial charging stage, the energy storage
converter undergoes constant current charging, with the
voltage outer loop not involved in control. The current
reference is set to a constant value, denoted as i%ss-
Consequently, the terminal voltage of the energy storage unit
gradually increases. When the terminal voltage reaches the

FIGURE 3. Supply converter control block diagram.
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FIGURE 4. Charging control principle block diagram.

predefined set value, the energy storage converter transitions
to constant voltage charging. During this phase, the voltage
outer loop becomes active, operating in conjunction with
the current inner loop. The voltage reference value uj
is held constant and is controlled in a closed loop by
providing feedback from the terminal voltage of the energy
storage battery. Throughout the charging process, the current
reference value switches from a constant value to the output
value of the voltage loop.

According to the topology of the energy storage converter,
the constant-current charging equation of the energy storage
battery can be obtained with the charging current i, as the
state variable:

L digss(t)
dt

From (1), the control equation of the current loop can be
obtained as:

= ugss — Dugc (1)

(kp + %)(ik%gg — iEss) + uEss

Ude
where D is the duty cycle of the control circuit, and k, and k;
are the proportional coefficients of the PI controller.

To effectively control the battery charging state and prevent
overcharging, the SOC-I droop control strategy is introduced
into the current loop. In this strategy, the SOC value of
each energy storage battery differs from the average value,
and this difference is amplified by the proportional unit.
Subsequently, it is superimposed into the current command,
thereby modifying the magnitude of the battery charging
current.

D =

@

B. ENERGY STORAGE CONVERTER DISCHARGE CONTROL
The block diagram illustrating the energy storage converter
discharge control principle is presented in Fig. 5. P-V droop
control is added to the voltage outer loop to stabilize the bus
voltage by adjusting the active power of the converter. The
active power Py output from the converter to the DC bus is
low-pass filtered and multiplied by the droop coefficient m.
The reference value u)j. of the DC bus voltage is calculated
and fed back to the DC bus voltage for voltage closed-loop
control. Batteries with different initial SOC provide different
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U

FIGURE 5. Discharge control block diagram.

amounts of energy when they start discharging, which may
lead to the fact that some batteries reach the lowest SOC first
in the discharging phase, while others still have more energy
available for release, which may lead to the unbalanced per-
formance of the system, affecting the stable operation of the
system, and therefore a SOC-I droop control strategy is added
to the current inner loop. The current closed-loop control is
carried out by feeding back the battery discharge current by
taking the difference between the SOC of each storage battery
and the average value of the SOC of the storage battery
through the proportional link, and the equalization control of
the battery SOC state is achieved by changing the size of the
discharge current of the storage battery.

1) P-V DROP CONTROL

In this paper, voltage and current dual-drop control is used
as the control method of the energy storage converter. The
equivalent circuit of the ship power supply and converter
connected to the bus can be simplified in Fig. 6.

V75 e

FIGURE 6. Schematic diagram of ship power energy transmission.

In Fig. 6, V;,/Z0 is the common bus voltage, V /4§ is the
output voltage of the ship’s power supply, V is the voltage
magnitude, § is the voltage power angle, Z/60 = R + jwL
is the equivalent impedance of the ship’s power supply, S is
the apparent power of the ship’s power supply, P is the output
active power, and Q is the output reactive power, which can
be expressed as:

ViV V2 VyV
P= b—cosS — —L Yeoso + Lsin8sin0
Z Z Z

ViV V2 Vi,V
0= b—cosS — L Nsing — LsinScos@ 3)
Z Z Z
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Usually, the voltage power angle difference § between the
output of the power supply and the bus is very small, i.e.,
sind & §, cosd = 1. The energy storage lines of the shipboard
DC micro-grid are resistive and thus can be equated to a
purely resistive impedance, and P and Q under pure resistivity
can be expressed as follows:

V —
P p(V — Vp)
R
o~ -1V )
TR

The interdependence of active power and voltage is evident
from (4). Fig. 7 illustrates the resistive impedance P-V
droop characteristic curve, demonstrating that voltage can be
modulated by manipulating active power.

ATV
Fonae steady state
operating point
v A B
Vmin E r : '
Pl P max1 P2 P max 2 13

FIGURE 7. Schematic diagram of P-V droop curve.

Gl and G2 shown in Fig. 7 represent the port energy
storage converter and the starboard energy storage converter.
The droop control curve equation of each converter is as
follows:

V'*:Vmax_mi'Pi

i
m; = Vmax - Vmin (5)

Paxi

where i represents the number of the parallel converter
(i = 1,2), and m; represents the droop coefficient of
the converter. V;* represents the reference value of the DC
voltage, V. represents the maximum operating voltage
allowed when the converter is connected in parallel, and
Vimin represents the minimum operating voltage allowed
when the converter is connected in parallel. P,,,; represents
the maximum power that the converter can output, while
P; represents the actual power output during steady-state
operation.

The output active power Py of the energy storage converter
is obtained after passing through the low-pass filter (LPF) to
get the output active power P;, and the reference value V*
of the output voltage of the energy storage converter can be
obtained by bringing P; into (5).

Py = igss X ugss (6)

2) SOC-I DROP CONTROL
During the discharge process, the P-V droop control scheme
is utilized for voltage outer loop control in the energy
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storage converter, aiming to stabilize the DC bus voltage.
Simultaneously, the SOC-I droop control is incorporated into
the current inner loop to achieve SOC state equalization for
the energy storage unit during the discharge process. The
SOC-I droop control is expressed in (7).

Al; = n e (SOC; — SOC) 7

where SOC; is the state of charge value of each energy storage
battery, SOC is the average state of charge of all online energy
storage batteries, and n is the proportional coefficient.

When the system is initially started, each storage battery
begins with a different state. During this period, SOC
detection for the storage batteries takes place by comparing
their SOC with the average value. If the value of [; is not
equal to zero, indicating an imbalance in the SOC states of
the storage batteries, the current inner loop is activated. The
calculated difference is then incorporated into the current
inner loop, regulating the discharge current through control
of the current loop. This action is taken to mitigate SOC
imbalances among the energy storage converters.

C. OFF-GRID CONTROL OF POWER SUPPLY CONVERTER
In off-grid mode, the supply converter can be categorized into
parallel operation and stand-alone operation.

1) PARALLEL OPERATION DROOP CONTROL

When two power supply converters are operated in parallel,
there are output voltage amplitude and frequency deviations
between the power supply converters, which need to be
regulated by P-F and Q-V droop control, and the droop
control for off-grid parallel operation is shown in Fig. 8.

V4 [u [,,
Power
calculation
P-fdroop ‘ P ‘ 0

FIGURE 8. Droop control for off-grid parallel operation of the supply
converter.

The operation control of the shipboard DC micro-grid
power converter is based on vector control, and the output
voltage v, p o in the natural coordinate system of the power
supply converter is Clark-Park transformed to obtain the
output voltages in the synchronous rotating d-q coordinate
system, Vy, V,. Similarly, the output currents iy p  of the
converter are decoupled to obtain the d-axis output current Iz
and the g-axis output current /,. From Vg, V,, 14, 1,, the
output reactive power measurement Q and active power
measurement P of the converter are calculated. Q and P
are adjusted to determine the reference value of the output
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voltage amplitude of the converter, Vj, and the frequency
reference value, f*. The V; and f* are input to the converter
by generating the modulating signal SVPWM through the
control signal formation link to realize the regulation of
voltage magnitude and frequency. The core equation of the
droop control of the supply converter is shown in (8).

I*=fo—mp(P* —P)
Vi=E—ng(Q" —0Q) ®)

where E,fy are the rated output voltage magnitude and
frequency of the converter respectively. Q*, P* are the rated
reference values of reactive and active power output from
the converter respectively. mp, ng are the active and reactive
droop gains respectively.

2) INDEPENDENT OPERATION OF CONSTANT VOLTAGE/
FREQUENCY CONTROL

Constant voltage/frequency control is used when a supply
converter operates independently. The purpose of V/F control
is to keep the voltage magnitude and frequency of the
bus connected to the supply converter constant regardless
of the load changes in the system. V/F control maintains
the frequency at a given reference value f* by adjusting
the converter output active power measurement P, and the
voltage at a given reference value V; by adjusting the
output reactive power measurement Q. The core equation for
constant voltage/frequency control of the supply converter is
shown in (9).

« kif |
P = (kpr + T)(f —Jo)
ki N
0" = (kpu + %)(Vd —E) ©)

where kpy, ki, kpy, ki, are the constant voltage/frequency
control parameters of the PI controller.

D. GRID-CONNECTED CONTROL OF POWER SUPPLY
CONVERTER

Grid-connected mode means that the port or starboard power
supply converter alone operates in parallel with the shore
power, and the grid-connected control block diagram is
shown in Fig.9.

L
U |
:ll‘h + ',‘ m ]d‘ 0
_SZ\ gl === g i
Ky, | 0 — K| 0
I ]L/B ) Ij I M I
d |: x 3 q_[: ») q
y g I,
S dsw ) gSW
SW M S M

FIGURE 9. Grid-connected control block diagram of the supply converter.

According to the power transfer command Sgw, the
converter output current value before the switching moment
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is locked as the initial value of the output current ref-
erence for power transfer, Iysw, and I,sw, and then the
closed-loop control of grid-connecting current is adopted.
d-q synchronous coordinate system of the grid-connecting
current final reference command is recorded as I; and .
The operation modes of the power converter after the grid
connection can be divided into two types: when the charging
of the storage battery is completed, or no charging is required,
the power converter can directly transfer the power to the
shore power and then quit the operation. Adopting single
closed-loop control of grid-connected current, the current
command will be tapered to 0 (Ij = 0, I; = 0) at a
certain slope to complete the power unloading. When the
energy storage battery needs to be charged, the power supply
converter can be used as a rectifier to stabilize the DC bus
voltage and provide power for the charging of the energy
storage battery, adopting the double closed-loop control of
DC voltage outer loop and grid-connected current inner
loop. The active current command is obtained from the
intermediate DC bus voltage closed-loop PI controller link,
and the reactive current command is tapered to 0. Specifically
as shown in (10).

kid
I = (kpac + f)(u;;c — Uge)

IX=0 (10)

where u:; . 18 the reference value of DC bus voltage; kg and
kiqc are the proportional and integral coefficients of the PI
controller respectively.

To avoid the current impact before and after grid connec-
tion, the current slow start link as shown in (11) is added so
that the current command gradually transitions from Iysw,
Igsw to 17, 17, respectively.

T
I; = Lisw +/ Aigdt
0

T
¥ = Iysw +/ Aiydt (11)
0

where T is the slow start time from the initial to the
final value. Aiy, Ai, are the current tapering steps. Aig =
(7 = lasw)/T, Aig = (I — Igsw)/T.

E. PRE-SYNCHRONIZED CONTROL OF POWER SUPPLY
CONVERTER

Pre-synchronization mode refers to adjusting the output
voltage of the supply converter to synchronize it with the
shore power before grid connection to avoid the voltage shock
at the moment of grid connection, and pre-synchronization
adopts amplitude and phase synchronization control. The
control block diagram is shown in Fig.10.

The output voltages V; and V,; after decoupling of the
converter voltage V, . are phase-locked by the phase-
locked loop (PLL) to obtain the converter phase Ocop.
Similarly, decoupling of the shore power voltage Vy(a,p,c)
yields Vy_snore and Vy_gpore, and phase-locking yields the
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FIGURE 10. Pre-synchronization control of the supply converter.
(a) Amplitude pre-synchronization. (b) Phase pre-synchronization.

shore power phase Ospor.- The phase approximation unit
makes the converter phase Oc,, infinitely close to the shore
power phase 6070, and the phase approximation principle is
shown in (12).

ko
eétrl = Ocon + ?(Qshore — Ocon) (12)

where kg is the integration factor for phase approximation.

Magnitude pre-synchronized acquisition of shore power
voltage decoupling to obtain Vy_gnore, Vg—shore, through the
magnitude approximation unit to calculate the power supply
converter d-axis output voltage reference value V7, the g-axis
output voltage reference value V' is set to 0. The principle of
magnitude approximation is shown in the (13).

k
Vi=E+ f(vd_shm —E) (13)

where kg is the integral coefficient of the voltage amplitude
approximation.

F. SUPPLY CONVERTER VOLTAGE HARMONIC
SUPPRESSION
1) ROGI CONTROL PRINCIPLE
Since the output voltage of the generator contains harmonic
components and unbalanced components, this paper uses
multiple reduced-order generalized integrator (ROGI) to sep-
arate and extract the harmonic components and unbalanced
components. In this article, the main purpose is to suppress
the unbalanced component of the output voltage and typical
harmonics such as the 5tk and 7th harmonics. Fig. 11. is the
frequency characteristic curve of ROGI, and its transfer
function in the s domain is:
ki
s — jop

Gr(s) = (14)

where j is the imaginary number sign, k; is the resonance gain
coefficient of ROGI in the s domain, and wy, is the resonance
angular frequency.

wp = hw, (15)
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FIGURE 11. ROGI frequency characteristic curve.

where w, is the fundamental angular frequency, and 4 is the
harmonic order.

The frequency selection characteristics of ROGI are shown
in Fig. 11. It can be observed that the amplitude gain within
a certain bandwidth range around the resonant frequency is
much higher than the amplitude gain at other frequencies and
can be used to track specific frequency signals. However, the
gain of ROGI at the resonant frequency is infinite. If it is used
directly as a resonant controller, it will destroy the stability of
the system. Therefore, in the design process of this article,
the cutoff frequency w. is added to ROGI to improve the
anti-interference ability of the system.

The frequency characteristic curves of the improved ROGI
under different k; and wj, are shown in Fig. 12. Compared
with before the improvement, the gain of the increased ROGI
at the resonant frequency is set to a limited value.

25

Magnitude (dB)

Phase (deg)

80 90 100 110

Frequency (Hz)

FIGURE 12. Improved frequency characteristic curve.

The improved transfer function is

Grls) = —22__ (16)
s — jop + o,
2) ROGI DIGITAL REALIZATION
Since the control algorithm is implemented by a digital
signal processor (DSP), the s-domain controller needs to
be discretized into the z-domain. However, the commonly
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used zero-order holding or bilinear transformation discrete
methods will cause frequency offset or performance devia-
tion, so this article chooses to directly design the controller
parameters in the discrete domain. The pole of the ROGI
transfer function is s, = jhwy, — w., which is mapped to the
z domain and is z, = e(7/*n @75 The denominator of the
ROGI transfer function is:

DR(Z) =7 eihthse_wcTs (17)

where T is the sampling period. As the controlled object, the
transfer function of the PWM controller can be expressed as:

2 2

w w
G(s) = . = . (18)

§2 4+ 28wps + @2 (s — wa1)(s — ©n2)
There are two poles of 5,1 = wy1, Sp2 = wy2 in the
controlled object, which are mapped to z,1 = eonTs =

e®2Ts in the z domain. It can be deduced that the transfer

function of ROGI of & — th harmonic in the z domain is:
kp(z+1)

7 — hoeTs o o~ T

where kj, is the resonance coefficient of ROGI of the 4 — th

harmonic in the z domain.

The transfer function of ROGI has complex factors which
are not conducive to the digital implementation of the
controller, so ROGI needs to be applied in the « — B
coordinate system. Because the variables in the o« — B
coordinate system have the characteristics of x, = jxg,
combined with Euler’s formula e = cosx + jsinx, the

digital implementation of ROGI can be obtained, as shown
in Fig. 13.

Ggr(z) =

19)

-od,
e " cos(hw,T,)

u, (zl

— Cr‘ .
e " sin(ho,T,) [

- ‘T‘ .
e " sin(ho,T,) |«

uﬂ(zl

e " cos(ha,T,)

FIGURE 13. ROGI digital implementation block diagram.

where V(z) and Vg(2) are respectively the expressions of
Uy, ug in the z domain, and u,(2), ug(z) are respectively the
z domain expressions of the @ — f axis component of the
ROGI output.

According to the digital implementation process of ROGI,
the differential equation of ROGI for the & — th harmonic can
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be obtained.

uan(k) = Kp[Vo (k) + Vo (k — D] + mugn(k — 1)

+ nugp(k — 1)
ugn(k) = Kp[Vp(k) + Vg(k — )] + mugp(k — 1)
+ nugp(k — 1)
m = e~ Tscos(hw Ty) (20)

According to the difference equation, the superposition of
the allowable inhibition amounts of multiple ROGI can be

obtained.
Duan) = D uank)
h=-2,-5,-7
Dugny= D ugnk) @1
h=-2,-5,-7

where uyp(k) and ugp(k) are, respectively, the @ — B axis
superposition amount of the required suppression amount in
the «, B coordinate system.

IV. EXPERIMENTAL VALIDATION

To verify the feasibility of the proposed converter con-
trol method, an experimental platform for shipboard DC
micro-grid system is built as shown in Fig. 14, and its main
parameters are shown in Table 1.

~ Starboard power 2=

=

Port side power
converter

Starboard energy
~ storage converter

Port side energy
storage converter

FIGURE 14. Shipboard DC micro-grid experimental platform.

A. ENERGY STORAGE CONVERTER CHARGING AND
DISCHARGING EXPERIMENTAL RESULTS

The result of the energy storage converter charging process
is depicted in Fig. 15. The energy storage converter remains
inactive until # < 0.1k and is not engaged until + = 0.1hA.
In the initial charging phase, the current loop is activated
for constant-current charging, with a single-phase charging
current of approximately 500A. The terminal voltage of
the energy storage battery exhibits a linear rising trend.
By ¢ = 0.9h, the terminal voltage reaches the preset value
of 480V. At this point, the voltage outer loop is activated for
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TABLE 1. Main parameters of the converter.

Main parameters Value
DC bus-rated voltage 1050V
DC bus support capacitor 10mF
Battery Voltage 800V
Battery Rated Capacity 300kWh
Single filter inductor 0.5mH
switch frequency 2.5kHz
Power level 750k VA
Frequency 50Hz
Voltage Harmonic Content <5%
Voltage unbalance <2%
Shock load resistant 180kVA

¢ (onstantanrent »q— Constant voltage .:
charging charging H

Uys! N

/A

iu_h_‘

L I LN 1
1.2 14 16 1.8 2.0

0 02 04 0.6 0.8

'1.0
t/h

FIGURE 15. Experimental results of energy storage converter charging.

constant voltage charging, leading to a gradual decrease in
the charging current until the charging process is complete.
The result of the discharge process of the energy storage
converter is shown in Fig. 16. When ¢ < 0.1h, the energy
storage converter is not activated, and at + = 0.1k, the
converter is put into operation. The DC bus voltage starts
to rise and is affected by the disturbance at the early stage

Nt DC bus voltage
" 900 -
s 800 -
700 A N AN N N SN S N S
0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
t/h

8)
& ,|  Starboard-Side
battery SOC
850 0.‘2 0.‘4 0.‘6 0.‘8 1 l.‘Z l.‘4 l.‘6 l.‘S 2‘
t/h
900 -
Port-Side current

g 600 :
- Starboard-Side current

0 02 04 06 08 1 12 14 16 18 2
t/h

FIGURE 16. Experimental results of energy storage converter discharge.
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of the discharge, and the DC bus voltage fails to stabilize
at 1050 V. The P-V droop control comes into play to stabilize
the DC bus voltage problem by distributing the power output
proportionally according to the different capacities of the port
side converter and the starboard side converter. After 0.5A,
the DC bus voltage is basically maintained at 1050 V after
the P-V droop control.

Meanwhile, in the initial stage of discharge, the initial state
of the SOC of the port side storage battery and the SOC of
the starboard side storage battery are different. The SOC-I
droop control added in the current loop can regulate the output
power of the port and starboard storage batteries according to
the state of the SOC on the premise that the DC bus voltage is
stabilized. The SOC of the port and starboard storage batteries
are gradually balanced, so that the output power of the port
converter and starboard converter is equalized.

The SOC change results of charging and discharging the
energy storage battery are shown in Fig 17.

The result of the charging experiment is shown in
Fig. 17(a). At the initial moment of charging, the SOC of the
starboard battery is lower than the SOC of the port battery,
so the slope of the SOC of the starboard battery is more
jittery and rises faster than the decrease of the SOC of the
port battery. Finally the SOC of the two sides of the battery
gradually tends to equalize.

The result of the discharge experiment is shown in
Fig. 17(b). At the initial discharge moment, the SOC of the
port battery is larger than that of the starboard battery, so the
slope of the SOC of the port battery is more jittery and
decreases faster than the SOC of the starboard battery. Finally
the SOC of the two batteries gradually equalizes.

The result of charging and discharging is shown in
Fig. 17(c). At the beginning stage, the energy provided by
the shipboard DC micro-grid is not enough to meet the load’s
demand, so the storage battery works in the discharging state,
and the initial value of the port battery SOC is larger than
that of the starboard battery SOC, so the decrease of the port
battery SOC is faster. At t+ = 22min, the energy provided by
the shipboard DC micro-grid exceeds the load’s demand, and
the storage battery switches to the charging state, and the port
battery SOC is larger than the starboard battery SOC, so the
starboard battery SOC rises faster. At ¢+ = 40min, the energy
provided by the shipboard DC micro-grid is not enough
to meet the load demand, the energy storage battery work
again switches to the discharge state. Under the charging and
discharging mode switching, the SOC of the two sides of
the battery gradually tends to balance. Compared with [12],
the P-V and SOC-I double-drop control strategy proposed
in this paper is more advantageous in terms of SOC state
equalization of the energy storage system as well as bus
voltage stabilization.

B. POWER SUPPLY CONVERTER ON/OFF-GRID
EXPERIMENTAL RESULTS

Fig. 18 shows the experimental results of the power converter
and shore power on/off-grid process. The figure shows the
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FIGURE 17. Results of battery charging and discharging SOC changes.
(a) charge SOC. (b) discharge SOC. (c) charge and discharge SOC.

A-phase grid-connected voltage as well as the three-phase
current, v, indicates the supply converter voltage, and vg,
indicates the shore power grid voltage. The off-grid control of
the power supply converter with or without load is performed
with shore power, respectively.

In Fig. 18(a), the power converter is connected to the shore
power at the time of #; under load conditions and switches to
the current control mode to unload the output power to 0 after
receiving feedback from the grid-connected state.

In Fig. 18(b), the power converter is off-grid with the shore
power at #; under load condition and switches back to the
AC bus voltage control mode after receiving the feedback of
off-grid status, and there is no obvious voltage drop or
oscillation of AC bus voltage during the off-grid process.
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FIGURE 18. Results of power supply converter on/off-grid experiments.
(a) Grid-connected with load. (b) off-grid with load. (c) no-load grid
connection. (d) idle off-grid.

In Fig. 18(c), the power converter is connected to the shore
power at #3 under no-load condition switches to the current
control mode after receiving the feedback from the grid-
connected state, and enters the power transfer state to unload
the output power to zero.

In Fig. 18(d), the power converter is off-grid with shore
power at 74 under no-load condition and switches back to
AC bus voltage control mode after receiving feedback from
the off-grid state, and there is no obvious voltage drop or
oscillation of AC bus voltage during the off-grid process.
Compared with [22], the flexible on/off-grid control proposed
in this paper has better fast response as well as power transfer
characteristics under on/off-grid, especially under different
loads.
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The results of the pre-synchronized grid-connection exper-
iment is shown in Fig. 19. Phase difference between the
output voltage of the power converter and the shore power
voltage amplitude before #5. After the synchronization control
is turned on, the amplitude and phase of the output voltage
of the power supply converter are constantly approaching the
shore power to complete the grid connection.

0.06 0.08 0.1 05[2 0.14 OTI() (){]8 ()52 0.22
FIGURE 19. Results of pre-synchronization experiments.

The output voltage harmonic suppression results of the
power supply converter are shown in Fig. 20.
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FIGURE 20. Output voltage harmonic suppression experimental results.
(a) Unbalance suppression. (b) Harmonic suppression.

Fig. 20(a) shows the output voltage experimental results,
and the output voltage of the power supply converter
before the moment of f¢ is unbalanced. After adding
the voltage unbalance suppression control algorithm, the
output voltage is quickly restored to the balanced state, and
the voltage unbalance is reduced from 8% to within 1%.

Fig. 20(b) shows the results of the harmonic suppression
experiment. Due to the influence of nonlinear devices, more
voltage harmonics are generated. After adding the harmonic
suppression algorithm at 7, the output voltage gradually
converges to the sinusoidal voltage.

The spectrum analysis of the output voltage is shown
in Fig.21. As can be seen from Fig. 21(a), without har-
monic voltage compensation, the amplitude of the largest
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FIGURE 21. Output voltage spectrum analysis. (a) Before inhibition.
(b) After inhibition.

waveforms are the 5th and 7th harmonics, which are nearly
1.14% and 2.09%, and the total harmonic suppression rate
is 3.93%, and after the 5th and 7th harmonic suppression,
as shown in Fig. 21(b), the 5th and 7th harmonic content
in the grid voltage decreases to 0.52% and 0.77%, and the
total harmonic suppression rate decreases to 1.62%, which
meets the requirements of the grid harmonic suppression rate.
Influenced by the nonlinear loads and power electronic loads
in the ship’s power system, high harmonics will be generated,
affecting the power quality of the micro-grid. And due to the
complex external environment of the shipboard DC micro-
grid system, it is easy to have an impact on the amplitude
of high harmonics. While in this paper, the content of high
harmonics is less than 0.5%, which has less impact on the
quality of the micro-grid, so it can be ignored. Compared
with [31], the ROGI harmonic suppression proposed in this
paper uses a discrete design, which can effectively avoid
controller performance bias during the digitization process.

V. CONCLUSION

This proposal focuses on shipboard DC micro-grid system
to meet the challenges of its power system stability and
reliability. The P-V voltage droop control and SOC-I
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current control methods are proposed for the energy storage
converter, and the charging and discharging control scheme
is designed to stabilize the DC bus voltage. In charging
control, “constant current-constant voltage” control is used
in combination with SOC-I current droop control to balance
the SOC of the storage battery. While in discharging control,
P-V voltage droop control and SOC-I current droop control
are used to stabilize the DC bus voltage and ensure the
SOC of the battery is balanced, thus realizing output power
Equalization. In on/off-grid control, the control method of
switching voltage and current control modes is introduced
for the power supply converter. When the power supply
converter is running off-grid with load, the voltage control
mode is adopted to ensure the fast response performance
of the output voltage. When the power supply converter is
running on-grid, current control is used to ensure precise
control of the output current. Meanwhile, different functions
such as exit after unloading and rectified power supply
to maintain DC bus voltage can be realized according to
needs. When switching between different modes, the control
mode is quickly switched through the feedback signal of
the grid-connected circuit breaker status, and at the same
time, the pre-synchronization control and voltage-current
control are combined to realize the flexible switching away
from the grid to ensure the safe operation of the system.
The frequency selection characteristic of ROGI is used to
achieve the suppression of output voltage unbalance and
typical harmonics such as the 5¢th and 7th harmonics.The
effectiveness of the proposed control strategy for shipboard
converter is verified through experimental validation, which
provides the feasibility for the stable operation of shipboard
DC micro-grid system. However, the energy storage system
in this paper selects a single storage battery as the energy
storage device, which stores limited energy. In the harmonic
suppression part, considering that the higher harmonics are
lower and have less impact on the grid quality, it is only for
the 5¢h and 7th harmonics.
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